INTRODUCTION
Embryonic stem (ES) cells are totipotent cells isolated from the inner cell mass of a blastocyst 1 . In vivo, they can contribute to all the tissues of an animal, including germ cells, when transplanted back into a developing blastocyst 2, 3 . In vitro, their differentiation provides a model system to study the development of various tissues and lineages 4 . In particular, ES cells can differentiate into most blood cell lineages, facilitating the study of hematopoietic differentiation 4, 5 .
In the thymus, T cells are generated from hematopoietic stem cell (HSC)-derived lymphoid progenitors, which can also give rise to B cells and natural killer (NK) cells 6, 7 . Thus, the reports demonstrating that B and NK lymphocytes can be generated from ES cells in vitro 5, [8] [9] [10] [11] suggest that ES cell-derived developmental intermediates should also possess the ability to become T lymphocytes. While there was evidence that ES cell-derived precursors exhibit T cell potential in vivo [12] [13] [14] , a specific precursor population had not been defined and such potential had not yet been demonstrated in vitro.
We have employed an in vitro ES cell differentiation system that is ideally suited to address these questions. This experimental approach takes advantage of the macrophage colony stimulating factor (M-CSF)-deficient stromal cell line, OP9, which efficiently supports in vitro lymphopoiesis from ES cell-derived progenitors 8, 10 . We have shown that ES cells differentiated on OP9 cells (ES/OP9 cocultures) undergo progressive commitment to the hematopoietic lineage, and that the cells with hematopoietic potential can be identified by cell surface expression of Flk1 11 . Flk1 (vascular endothelial growth factor receptor-2, VEGFR-2) is a receptor tyrosine kinase expressed on subsets of mesoderm and on the earliest endothelial and only.
For personal use at PENN STATE UNIVERSITY on 5 hematopoietic precursors [15] [16] [17] [18] . Flk1-deficient mice are embryonic lethal, exhibiting defects in endothelial and hematopoietic development 19 . Further, existing evidence indicates that Flk1 expression serves as a marker of hemangioblast cells [20] [21] [22] , which are the proposed common developmental progenitor of both endothelial and hematopoietic lineages.
Using the ES/OP9 coculture system, we report that ES cell-derived Flk1 + CD45 -prehematopoietic progenitors give rise to T lymphocytes in vitro, when transferred into reaggregate fetal thymic organ cultures (RTOCs). The capacity of this defined pre-hematopoietic subset of differentiated ES cells for in vitro T cell generation suggests that a wholly in vitro system using these cells could help elucidate the mechanisms that induce and support T cell lineage commitment and differentiation.
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MATERIALS AND METHODS
Mice. Timed-pregnant Swiss.NIH and C57BL/6 CD45.1 congenic mice were obtained from the National Cancer Institute, Frederick Cancer Research and Development Center (Frederick, MD).
RAG-2
-/-CD45.1 congenic mice were bred and maintained in our animal facility.
Cell culture and differentiation of ES cells. ES/OP9 differentiation cocultures were performed as previously described 8, 10 . 
Fetal thymic organ cultures (FTOCs) and reaggregate thymic organ cultures (RTOCs).
Lymphocyte-depleted thymic lobes were prepared by culturing day 14 to day 16 fetal thymic lobes from timed-pregnant mice in FTOC medium (DMEM medium supplemented with 12% FBS, 2mM glutamine, 10U/ml penicillin, 100 µg/ml streptomycin, 100 µg/ml gentamicin, 110 µg/ml sodium pyruvate, 50 µM 2-ME, and 10mM HEPES, pH 7.4) containing 1 mM 2-deoxyguanosine, as previously described 24, 25 . Alternatively, thymic lobes were depleted by irradiation (25) (26) (27) (28) (29) (30) . For FTOCs, donor cells were washed with media, resuspended in 30 µl media, and added to individual wells in Terasaki plates to which host thymocyte-depleted fetal thymic lobes were also added. After adding donor cells or medium alone, the plates were inverted ("hanging drop") and cultures were incubated at 37°C in a humidified incubator containing 5% CO 2 in air for 24-48 hrs. Lobes were then transferred to standard FTOC for approximately 2 weeks. For RTOCs, deoxyguanosine-treated lobes were treated with 0.05% Trypsin, 0.53 mM EDTA for 30 to 40 minutes, before being disaggregated into a single cell suspension. A cell slurry was created from a mixture of stromal and progenitor cells, which was then deposited in free-standing drops on standard FTOC rafts. RTOCs were cultured in the presence of Flt3L and IL-7 (R&D Systems, Minneapolis, MN) at a final concentration of 5 ng/ml and 1 ng/ml, respectively, and analyzed after 19 days.
In the case of fetal liver reconstituted RTOCs, thymic stroma was prepared as described above. Livers were removed from day 14 fetal mice, and single cell suspensions were prepared.
CD24
lo fetal liver progenitor cells were enriched by anti-CD24 antibody-/complement-mediated depletion 23 , and then sorted for expression of CD117 and CD45.2.
RESULTS

ES cell and OP9 cell cocultures
During embryogenesis, the hematopoietic lineage is established from mesodermal precursors 26 . Similarly, mesoderm-like colonies are observed by day 5 from ES cells cocultured on OP9 cell monolayers (ES/OP9 cocultures), which give rise to hematopoietic clusters that, when reseeded back onto OP9 cells, differentiate into B lymphocytes (Fig. 1 , lower left panel) 8, 10, 11 . This led us to examine whether progenitor cells present in day 5 ES/OP9 cocultures could give rise to T lymphocytes when transferred into FTOCs (Fig. 1 ). However, after 14 days in FTOC, analysis by flow cytometry showed no evidence of donor-derived T cells ( Fig. 1, lower right panel). This indicated that, although this population contains a subset of ES cell-derived progenitors that can efficiently give rise to lymphohematopoietic cells when reseeded back onto OP9 cell monolayers 10 ( Fig. 1) , the total population from day 5 ES/OP9 cocultures appears to contain a small subset that is very inefficient at giving rise to T lympyhocytes, as well as cells that could disrupt the FTOC microenviroment. With this in mind, we reasoned that a defined subset of differentiated ES cells should be amenable to the thymic microenvironment. commitment and differentiation within the thymus. Cell surface expression of Flk1 during the course of ES cell differentiation was analyzed by flow cytometry (Fig. 2A) . The results in Figure   2A into all the normal CD4 and CD8 thymic subsets (Fig. 3C) . The in vitro generation of T lymphocytes from ES cells for three independent experiments is shown in Figure 3C . The presence of donor-derived thymocytes in FTOCs reconstituted with ES cell-derived Flk1 + CD45
T cell differentiation from ES cell-derived
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CD45
-endothelial-like cells derived from embryonic tissues (day 9.5 to 10) gave rise to T cells in thymic organ cultures 29 .
ES cell-derived T cells in reaggregate thymic organ cultures
We reasoned that the efficiency of reconstitution observed might be impaired by a defect in the ability of the Flk1 + CD45 -progenitor cells to migrate into the thymic environment. To address this issue, we examined Flk1 + cells for the expression of integrin molecules.
Specifically, we assessed the expression of CD29 ( 1) and CD49d ( 4) integrins, as Potocnik et al. 30 found that CD29 deficient hematopoietic precursors are severely impaired in their ability to home to sites of primary hematopoiesis, including the thymus, and Arroyo et al. 31, 32 demonstrated that CD49d was obligatory for post-natal migration of hematopoietic precursors into the thymus. We found that CD29 was ubiquitously expressed at high levels on day 5 Flk1 + CD45 -cells ( Figure 4A ). However, these cells uniformly lacked expression of CD49d ( Figure   4B ). In contrast, a subset of day 5 Flk1 -cells showed expression of both CD29 and CD49d
( Figure 4A and 4B). The lack of CD49d expression by Flk1 + cells suggested that these ES cellderived pre-hematopoietic cells may not be capable of migrating into the thymus in an efficient manner 31, 32 . Thus, to obviate the requirement for day 5 ES-derived precursors to migrate into the thymic environment, we took advantage of the reaggregate thymic organ culture (RTOC) 11 approach, in which progenitor cells are directly combined with thymic stromal cells, which then reform the thymus environment around the progenitors 33 .
Flk1
+ cells were combined with disaggregrated thymic stroma obtained from CD45.1 congenic mice and placed in culture for 19 days (Fig. 5A) . Using this approach, CD45.2 + donorderived cells were present in RTOCs reconstituted with Flk1 + cells (Fig. 5B) , and all the normal In order to assess whether the cell yields observed in RTOCs reconstituted with ES/OP9 coculture-derived Flk1 + progenitors were the result of an intrinsic limitation of the RTOC approach, we performed the same procedure using the same ratio of CD24 lo CD117 + CD45.2 + day 14 fetal liver cells to thymic stroma. As shown in Figure 5C , after 12 days in culture these hematopoietic progenitors were able to reconstitute RTOCs with cell yields similar to those For 13 progenitors might be limited in their ability to home or migrate into sites of hematopoiesis 35 . In this regard, Arroyo et al. demonstrated that while CD49d, although expressed by fetal cells, is entirely dispensable for the entry of fetal precursors into the thymus, it is however required for post-natal homing to the thymus 30, 36 . This is in contrast to CD29, which Potocnik et al. showed to be required for both fetal and adult homing to sites of hematopoiesis 30 . only.
